The chalcogenide material Ge 2 Sb 2 Te 5 is the prototype phase-change material, with widespread applications for optical media and random access memory. However, the full set of its independent elastic properties has not yet been published. In this study, we determine the elastic constants of the rocksalt Ge 2 Sb 2 Te 5 , experimentally by x-ray diffraction (XRD) and residual stress, and computationally by density functional theory (DFT). The stiffnesses (XRDstress/DFT) in GPa are C 11 = 41/58, C 12 = 7/8 and C 44 = 8/12 and the Zener ratio is 0.46/0.48.
INTRODUCTION
Chalcogenide films have been employed in phase-change type optical storage media [1] [2] (CD-RW, DVD-RW, Blu-Ray DVD) and, more recently, in phase-change random access memory (PCRAM) [3] [4] [5] . The Ge-Sb-Te (GST) system and in particular the Ge 2 Sb 2 Te 5 alloy (GST225), are amongst the most studied materials for optical and PCRAM devices. The importance of these chalcogenide alloys for advanced memory applications makes the determination of material properties, such as elastic ones, a critical issue. For example, thermal expansion during the transformation from crystalline to amorphous state can lead to an onset of pressures in the gigapascals range in the amorphous bits of PCRAMs [6] [7] [8] [9] [10] [11] . This can have an important effect on device performance and reliability. Moreover, recent research [12] [13] has shed new light into the crystalline to amorphous transition of GST225 and other chalcogenide alloys, highlighting the role of non-melting amorphization processes (dislocations and pressure driven). Elastic anisotropy in particular plays a key role in phase transformations and dislocation dynamics. It is also bound to become even more important in highly scaled future generation PCRAMs, as memory bits are shrunk to nanometric sizes, as in confined nanosized cells [14] [15] or in proposed PCRAM based on chalcogenide nanowires [16] [17] [18] and consist of only a few crystallites that are unlikely to be isotropic. Full knowledge of the mechanical properties of these class of materials is therefore important for the understating of current devices and crucial for the design of more efficient PCRAMs. The detail of the elastic properties is also important for modelling at different scales. Multiphysics Finite Element based simulations of devices rely on constitutive models that include elastic properties. At the atomic scale, elastic constants provide observables to check the quality of a model or to parameterise new ones.
Despite their relevance to real systems and devices, no measurements of the full set of facecentered cubic (FCC) GST225 elastic properties have been reported to date. Published results are generally limited to the bulk modulus (K) 7, [19] [20] [21] , with a few mentions of the biaxial (Y)and Young's moduli (E) 8, 11, 22 . Recent simulations have indicated that the closely related material Ge 1 Sb 2 Te 4 (GST124) exhibits significant elastic anisotropy with a Zener ratio (A) of 0.24 23 . The results for GST124 are more detailed than for GST225, with a full set of elastic constants from density functional theory (DFT) calculations 23 and a partial set (isotropic approximation) from
Brillouin Light Scattering (BLS) 24 . Recently, the elastic coefficients of stable trigonal GST225
have been calculated by DFT 25 . The picture resulting from these results is that the data are almost equally divided between two hypotheses: high compressibility with K around 20 GPa and low compressibility with K around 40 GPa.
The following section presents the methods used to measure and calculate the elastic properties. Our experimental approach, a combination of x-ray diffraction and residual stress measurements, has not been used previously to directly measure elastic tensors, and is introduced with much detail. We then present exhaustive results for elastic properties and show that the experimental and computational results are in very good agreement. Finally we demonstrate that elastic anisotropy must be taken into account.
EXPERIMENTAL AND COMPUTATIONAL METHODS
Under the deposition conditions used in the present work, GST225 adopts a distorted rocksalt like structure, where the Te atoms occupy one FCC sub-lattice, while the other FCC sub-lattice is populated by Ge and Sb atoms, as well as vacancies (around 20%). Due to this essentially cubic structure, three elastic constants suffice to describe its elasticity. On the other hand, the stochastic nature of the distribution of the Ge/Sb/vacancies sites makes simulating GST225 a delicate problem, requiring averaging over different configurations.
Experimental Details.
GST225 films were deposited on single crystal Si(100)
substrates by direct-current magnetron sputtering from a target with composition Ge: Sb: Te = 2:
2: 5. Substrates temperature was kept at 130 ºC, deposition power was 0.5 kW and sputtering gas Ar pressure was 2 mTorr. Films were deposited with thicknesses of 700, 2000 and 3500 nm. We applied X-Ray diffraction (XRD) with fixed incidence angle and residual stress measurements by the curvature method on polycrystalline rocksalt GST225 films to measure the compliances terms ( ij ) from the Reuss' model 26 . XRD measurements are often used for the evaluation of the residual stress of thin films, and they are occasionally 27 combined with the curvature method to check the validity of elastic constants. We are not aware of the use of combined XRD-stress measurement to determine elastic constants directly. The residual planar stress ( ∥ ) acting on the films was evaluated by measuring the curvature radius of the samples before ( ) and after ( ′ ) film deposition in different directions, to confirm the rotational symmetry of the state of stress, and by applying the Stoney's equation [28] [29] :
, where is the thickness of the GST film and 
The values of 0 , 11 , 12 and 0 for GST225 were obtained by a weighted least-square fitting by eq. (4) 
Computational Details.
We performed DFT simulations in the framework of the generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) functional and projector augmented wave-method (PAW) potentials using the VASP software [32] [33] [34] [35] . The calculations were performed with energy cutoff of 15 Ha and Monkhorst-Pack grids of 4×4×4 kpoints. GST225 crystallizes in the FCC rocksalt system with two sublattices occupied by either Te atoms ("A" sublattice) or Ge/Sb atoms and vacancies ("B" sublattice). In order to conserve the somewhat awkward stoichiometry, we generated eight 36-atoms GST225 structures using a 2×2×5 replication of the "primitive" FCC unit cell (with one site for each of the two sublattices).
The spatial distribution of Ge, Sb and vacancies in the "B" sublattice was determined by a random number generator. Eight such configurations were relaxed, and the full compliance tensors were calculated. Due to the random distribution in one sublattice, the relaxed supercells, and the associated elastic tensors, although quasi-cubic, do belong to the triclinic crystal system.
The three cubic stiffnesses (C) are obtained by a direct averaging of the relevant triclinic
The errors quoted for these results are simply standard deviation errors from these averaging; they underestimate the actual errors inherent to DFT and are not directly comparable with the experimental errors.
Elasticity considerations.
Due to the cubic symmetry imparted on the elastic tensors, the formulae to invert compliance and stiffnesses and to average the various moduli are quite simple. Likewise, the bulk modulus is easy to calculate (the linear compressibility of cubic crystals is always isotropic). On the other hand, a cubic system is not elastically isotropic and the 
RESULTS AND DISCUSSION
The first and simplest quantity we address is the lattice parameter 0 which is 6.035±0.001 Å from XRD-stress and 6.12 ±0.05 Å from DFT (agreement within 2%). In fact, it is not surprising that the DFT value is larger than the experimental one as the GGA functionals tend to overestimate lattice parameters, at 6.05 Å from 37 The explanation for the much stiffer GST124 results is that in this previous study 23 we reported the full set of elastic constants for a 7 atoms GST124 cell, and, due to symmetry, the positions of the atoms could not be relaxed prior to differentiating the energy to access the stiffnesses. Table   2 displays the elastic constants for relaxed and unrelaxed GST124 and GST225 with 64 and 36 atoms unit cells respectively, and demonstrates why it is important to use large enough unit cells so that ionic relaxation is not prohibited by symmetry in order to obtain accurate elastic coefficients. In both relaxed and unrelaxed cases, GST225 with more bonds is stiffer in the [100] direction than GST124 by factors of 17.85/15 (relaxed) and 15.28/15 (unrelaxed) ( [100] = 1 11 ⁄ ), which indicates that the bound counting hypothesis is at best a rough approximation. The only elastic property for which multiple results are available is the bulk modulus K.
Published values range from 27 GPa to 58 GPa, a discrepancy of 114%. This discrepancy cannot be attributed solely to methodological differences, as experimentally determined K are 27 GPa (BLS) 24 and 39-41 GPa (XRD) 7, 19 , while simulation results vary between 27 GPa and 58 GPa.
From the elastic constants determined by XRD-stress, we obtain a value of K at around 20 GPa,
with an estimated error of 5 GPa. This result suggests a bulk modulus at the lower end of the scale. This value is also in good agreement with our DFT-PAW results, which predict a value of 25 GPa (±1 GPa). suggests that the elastic anisotropy of cubic GST225 is indicative of that of cubic crystals in general, and that GST225 cannot realistically be modelled as an isotropic material. Due to its simplicity, the Zener ratio is the most often used generic descriptor of elastic anisotropy for cubic crystal systems, but it is certainly not the only possible one. In addition, provided that elastic tensors are available, it is possible to determine the anisotropy of a specific property. The anisotropy of E, defined as the ratio of its maximum by its minimum, is 1.90 for XRD-stress and The agreement between the results of simulation and measurements is especially good for the relative value of elastic properties. While the experimental uncertainties associated with the residual stress have a direct impact on the absolute values of elastic constants ( ∥ being a common multiplying factor for 11 , 12 and 0 in Eq. 4), the effect of its error is partly cancelled out in the calculation of the relative elastic properties.
CONCLUSION
experimental (XRD and residual stress) and theoretical methods (PAW-DFT). Both set of results are in good agreement and suggest that GST225 is rather compliant, with a bulk modulus around 20 GPa, at the lower end of what had previously been measured or calculated. Both methods also predict significant elastic anisotropy with Zener ratio around 0.5.
In addition to advancing the knowledge of the GST225 crystalline structure, the availability of the elastic tensor will help design constitutive models of phase change materials and improve devices where mechanical properties and stress can influence performance and reliability.
